Background Mothers bearing small offspring are at increased risk of cardiovascular disease (CVD) mortality. The cardiovascular risk for fathers of small offspring is, however, inconclusive. Very few studies with sufficiently large sample sizes have been conducted to specifically differentiate the maternal/paternal CVD risk in association with offspring birth weight in the same population.
Introduction
Mothers bearing a lower birth-weight infant have frequently been found to experience an increased risk of mortality from cardiovascular disease (CVD). [1] [2] [3] [4] [5] [6] This association has been interpreted as indicative of an intergenerational correlation between the birth weight of a mother and her offspring, 7, 8 and of the 'Barker's early origin of adult disease hypothesis', 9 which postulates that prenatal and early postnatal nutrition may predispose an individual to developing ischaemic heart disease. 10 The association between maternal and offspring birth weights has been well established. 11, 12 The relative risk for a woman born as small for gestational age (SGA) in delivering an SGA baby ranges between 2 and 4. 13, 14 The underlying mechanisms of this phenomenon are not fully understood, and probably involve both environmental and genetic processes. 14 On the other hand, fetal undernutrition that usually limits fetal growth has been associated with CVD in adulthood. 9 Thus, it is considered that a fetus with limited growth can 'programme' future disease risks; such risks are especially obvious if a lower birth-weight baby experiences accelerated growth in the first few postnatal years. 6 Apart from mortality studies, other studies have also reported that the birth of low-birth-weight (LBW: <2500 g) infants is adversely related to systolic blood pressure 15, 16 and elevated inflammatory markers such as interleukin-6 and C-reactive protein concentration in the mother. 15 These studies suggest that women may be predisposed to up-regulation of the inflammation associated with increased CVD risk, 17 thereby substantiating the observed association between offspring birth weight and maternal CVD mortality.
In addition to mothers, some studies found that fathers of LBW infants are also at an increased risk of CVD mortality, [4] [5] [6] 18 but the association was generally weaker for fathers than for mothers. Lawlor et al. 19 suggested that the association between offspring birth weight and paternal CVD mortality could be attributed to both environmental and genetic factors. However, compared with findings from studies on mothers, studies on fathers are relatively rare, and limited by certain methodological problems including unreliable information on offspring birth, inadequate sample size and incomplete adjustment for some important potential confounders. 6 To date, very few epidemiological studies have been conducted with sufficiently large sample size in order to specifically differentiate maternal/paternal differences in the association between offspring birth weight and CVD mortality in the same population. 6 Additionally, no information on such putative relationships is available with respect to non-Caucasian populations. We therefore conducted a cohort study to investigate the association between offspring birth weight and parental CVD mortality.
Materials and methods
Source of data and data linkage In Taiwan, it is required by law that all live births and deaths be registered within 10 days. Various birth characteristics including gender, birth weight, gestational age, single/multiple birth, birth order, parental ages, education, marital status, employment and place of birth are available for each live birth in the Taiwan Birth Registry (TBR). Between 1978 and 1987, a total of 1 422 286 primigravida singletons were identified in the TBR. We first excluded those with missing information on gestational age or with a gestational age 542 weeks. Following this, Tukey's rule was employed to exclude a total of 21 903 (1.54%) records with possibly implausible birth weights for gestational age, 20 and missing birth weight, leaving 1 400 383 singletons in the analysis. We categorized each mother's living district into three levels of urbanization (i.e. metropolitan, satellite city or town and rural area) according to the classification scheme of the Directorate-General Budget. 21 The TBR has been evaluated and is considered valid and complete. 22 Mortality data were obtained from the Taiwan Death Registry (TDR) for the period from 1978 to 2006. The TDR is considered accurate and complete because it is mandatory to register all deaths in Taiwan and for physicians to complete all death certificates. 23 We retrieved the information on date of death and underlying cause-of-death (UCOD) for each deceased individual.
Study design and statistical analysis
This study had a cohort of 1 400 383 parents. We linked the personal identification numbers of both parents to the TDR for the period of 1978-2006. The UCOD for those deceased parents was based on the International Classification of Disease code of the 9th Clinical Modification (ICD-9-CM).
Data analyses first described the distributions of parents according to year of delivery (1978- 435 g), and for bearing an LBW (<2500 g) or an SGA (smaller than the 10th percentile of the calendar-sex-gestation-specific birth-weight distribution) infant. We also analysed the relationships between parental CVD mortality and macrosomic infants (44000 g) or offspring who were large for gestational age (LGA; larger than the 10th percentile of the calendar-sex-gestation-specific birth-weight distribution), in order to examine whether parental CVD mortality is only specifically associated with smaller birth weights. Investigations of parental CVD mortalities in relation to smoking-related cancer, alcohol-related mortality and injury that were made to assess the association between offspring birth weights and parental CVD mortality could be complicated by some potential confounders, such as smoking, alcohol consumption and family socio-economic background unavailable in the registry data.
The index date for each parent was the day the infant was delivered. Subjects who were not deceased before the end of the follow-up period (i.e. 31 December 2006) were considered censored on the last day of follow-up. Subjects who died of other causes were censored on the date of death. We also performed a log (Àlog) test and confirmed that proportionality between hazards is assumed for the Cox model.
For an $30-year follow-up period, we used the life-table method 24 to estimate death rates and cumulative survival rates for mothers bearing an LBW infant and those without such adverse birth outcome. Various follow-up postpartum periods (1-5, 6-10, 11-15, 16-20, 21-25 and 26-30 years) were adopted to assess whether the association of interest was stronger shortly after the birth than after longer follow-up times. This was to differentiate whether offspring birth weights could be influenced by maternal health problems at the time of birth. The mortality rate ratio (MRR; mothers with an LBW baby to those without) for each time period was calculated. We calculated the maximum likelihood estimate and exact confidence intervals (CIs) for the time period-specific MRR, which follows the standard Poisson distribution assumption. 25 All statistical analyses were performed using the Statistical Analysis Software (SAS) System, version 9.1 (SAS Institute Inc., Cary, NC, USA). Access to and analyses of both types of vital statistics registration data were approved by the Institutional Research Ethics Review Committee. Table 1 shows that the distributions of age, educational level, work status, marital status and urbanization level of residence were dissimilar between parents with and without LBW offspring. Parents with LBW offspring tended to be younger and less educated. Additionally, more LBW offspring were born to unmarried parents (4.4 vs 2.7%), and were more likely to live in rural areas (52.6 vs 47.1%). Approximately 9.4% of mothers and 25.0% of fathers with LBW offspring were not employed; the percentages of corresponding non-LBW offspring were 26.6 and 8.8%. The length of follow-up for the mothers ranged from 1.07 to 29.02 years with a mean and SD of 23.94 and 3.23 years, respectively. The length of follow-up for the study fathers ranged from 1.71 to 29.03 years, with a corresponding mean and SD of 23.58 and 3.76 years, respectively. Table 2 shows the HR and 95% CI of mortality from CVD and other causes for 1-SD higher offspring birth weight. A reduced adjusted HR (0.89; 95% CI: 0.85-0.94) for CVD was noted in mothers, and there was also a small inverse association between CVD mortality and offspring birth weights in fathers (HR ¼ 0.97; 95% CI: 0.95-1.00). In addition to CVD, mothers also had reduced HR for stroke (HR ¼ 0.91; 95% CI: 0.87-0.96), respiratory mortality (0.78; 95% CI: 0.73-0.84) and COPD (0.72; 95% CI: 0.65-0.80). Although an increase in offspring birth weight was also associated with a reduced HR in fathers for stroke and COPD, this association was weaker. We noted little association between offspring birth weight and maternal mortality from smoking-related neoplasm (HR ¼ 0.99; 95% CI: 0.92-1.07), alcoholrelated causes (HR ¼ 1.01; 95% CI: 0.88-1.16). Offspring birth weight was only weakly associated with paternal mortality from smoking-related cancer (HR ¼ 0.96; 95% CI: 0.92-1.00) and lung cancer (HR ¼ 1.02; 95% CI: 0.98-1.06). On the other hand, offspring birth weight posed a stronger association with alcohol-related mortality (HR ¼ 0.86; 95% CI: 0.84-0.89) in fathers.
Results
When offspring birth weights were analysed categorically, we noted that a total of 169 (1.98 per 1000) mothers of LBW offspring died from CVD, compared with 1 per 1000 and 1.11 per 1000 for mothers of infants with optimal birth weight (2500-3999 g) or macrosomia (54000 g), respectively, yielding an elevated adjusted HR of 1.85 (95% CI: 1.57-2.18). Fathers of LBW offspring had a cumulative mortality rate of 5.41 per 1000, which was also higher than that of fathers with an optimal birth-weight infant (4.45 per 1000) or a macrosomic infant (4.96 per 1000), rendering an increased adjusted HR of 1.13 (95% CI: 1.03-1.24; Table 3 ). With respect to the other causes of death potentially associated with offspring birth weights, mothers of LBW offspring were at increased risks of death from stroke (n ¼ 160, HR ¼ 1.48; 95% CI: 1.25-1.76), COPD (n ¼ 59, HR ¼ 3.03; 95% CI: 2.26-4.07) and injury and poisoning (n ¼ 666, HR ¼ 1.17; 95% CI: 1.08-1.27; data not shown in Tables). Table 4 shows HR and 95% CI of parental CVD mortality associated with offspring birth weight standardized for gestational age. Mothers bearing an SGA offspring had an elevated adjusted HR of 1.31 (95% CI: 1.13-1.52) compared with mothers with infants of an appropriate gestational age (AGA); however, the HR was only slightly elevated (HR ¼ 1.08; 95% CI: 1.00-1.17) for fathers. Bearing of an LGA offspring was only weakly associated with CVD mortality for mothers (HR ¼ 1.11; 95% CI: 0.89-1.38) but posed essentially no influence on paternal CVD mortality (HR ¼ 1.00; 95% CI: 0.90-1.12). Table 5 shows that the maternal CVD mortality rate was lower during the first 5 postpartum years and increased over time. However, the MRR (LBW vs non-LBW group) was somewhat higher in the first 5 postpartum years (MRR ¼ 3.35; 95% CI: 1.92-5.86) than in the other follow-up time periods. The cumulative survival curves of the two groups were different based on the log-rank homogeneity test ( 2 ¼ 66.61, P < 0.0001).
Discussion
After a maximum of 30 years of follow-up, our study demonstrated that mothers bearing LBW offspring are at an elevated risk for CVD mortality. This association was weaker and less evident in fathers, as seen in three previous studies. 5, 6, 18 The observed association of lower offspring birth weight with elevated CVD mortality in mothers was unlikely to be greatly affected by potential confounders such as alcohol consumption and lower socio-economic background, as mortality from causes related to these potential confounders had little associations with offspring birth weight. Although mothers bearing small offspring were not found to have increased risks of mortality from smoking-related causes or lung cancer, our data did demonstrate an apparent increase in the risk of mortality from all respiratory diseases, especially from COPD, suggesting that maternal smoking might play a role in the study results, Additionally, because mothers exposed to certain air pollutants during pregnancy might give birth to an LBW infant 26 and our data showed a reduced mortality from all respiratory disease and COPD in mothers with heavier offspring, maternal exposure to certain air pollutants might also play a role in the observed association. Future studies that take air pollutants into account are needed to make specific interpretations.
Our study showed HRs of 0.89 and 0.91 associated with deaths from CVD and stroke in mothers for 1-SD increases in birth weight. Such reduction in HRs was relatively small as compared with the results from a meta-analysis and the UK study of the British 1958 birth cohort, 6 which reported corresponding figures of 0.84 and 0.83. The increased risk of stroke in mothers with small offspring could reflect mother's high blood pressure (BP) that is genetic in origin. Previous studies found that the individual's own low birth weight for gestation was associated with adult hypertension in both women and men, but was stronger in women. 27 Similar to ours, the UK study of the British 1958 birth cohort also noted a reduced HR (0.82) for COPD, and the HRs for lung cancer (0.90) and smoking-related cancer (0.95) were closer to 1. For paternal deaths, the most reduced HR was noted in this UK study for accidents and violence (0.64), followed by alcohol-related causes (0.77), suggesting that family socio-economic status may contribute to the weak relationship (HR ¼ 0.92) between small offspring birth size and paternal death from CVD. 6 Our study also found a reduced HR of paternal mortality from alcohol-related causes (0.86) for 1-SD increases in offspring birth weight, but the HR of injury and Smaller than the 10th percentile of the calendar-sex-gestation-specific birth-weight distribution. c Larger than the 10th percentile of the calendar-sex-gestation-specific birth-weight distribution. OFFSPRING BIRTH WEIGHT AND PARENTAL MORTALITY poisoning (1.00) was essentially not reduced. Although paternal alcohol use has been associated with a number of adverse reproductive outcomes in laboratory animals, two previous epidemiological studies reported little association of paternal alcohol use with detrimental effect on infant birth weight, 28, 29 and no indication of a monotonic dose-response gradient was reported. 29 The link between bearing an LBW infant and parental CVD mortality can be interpreted in many ways. Intergenerational studies have documented a positive relationship between mothers' and infants' birth weights, 7, 8 possibly due to certain genomic and epigenetic processes 2 that may in turn increase cardiovascular risks of mothers with the LBW offspring in later life. Additionally, certain environmental (e.g. nutrition and air pollutants) and clinical factors may also be adversely associated with both offspring birth weight and CVD-disease risk. For example, depressive symptoms are associated with bearing of an LBW infant; 30 these women are less likely to maintain healthy lifestyles, rendering an increased risk for CVD. 31 Due to a lack of complete information on potential risk factors for CVD, we are unable to make specific interpretations of our study findings.
Fathers of LBW infants showed a weaker association with CVD mortality, which is consistent with findings from several previous studies. [4] [5] [6] 18 Paternal LBW was unlikely to explain the association of offspring birth weight and CVD risk in fathers, as paternal birth weight is only weakly associated with offspring birth weight. 7 Instead, family socio-economic position and certain environmental factors (e.g. smoking) could be alternatively responsible for such increased risks in fathers. 6 Previous studies found that the inverse association between paternal education and LBW risk is independent of maternal education. 32 A Swedish study reported a negative influence of paternal unemployment on the incidence of LBW and suggested that the adult-male labour-market experience may affect maternal and infant health. 33 Meanwhile, the lower family socio-economic position could also lead to an increased paternal CVD risk due to limited access to health care. Although the paternal education has been considered in this study, it may not comprehensively reflect a family's socio-economic position. There is a clear family clustering in certain adverse lifestyle and environmental factors. Adolescent smoking is strongly related to tobacco use by family members. 34 Additionally, certain environmental hazards, such as airborne particulate matters that may lead to certain adverse perinatal outcomes including LBW, 35 are also associated with CVD. 36 Our data showed that fathers of smaller offspring were positively associated with mortalities from smoking-related cancer, respiratory disease, alcohol-related causes and, to a lesser extent, injury and poisoning. These findings may be indicative of a lower socio-economic position and higher chance of exposure to certain environmental factors in fathers of LBW offspring.
The greatest MRR of maternal CVD was noted during the first 5 postpartum years. Such phenomena might be explained by the direct effects of certain maternal health-comprising factors or illnesses during pregnancy, which is in turn associated with increased CVD mortality in a mother's later life. In such a case, the elevated mortality risk would be greater for periods closer in time to pregnancy and this effect would reduce over time. However, we cannot exclude the possibility that mothers who eventually died of CVD might have had some health conditions prior to the pregnancy that not only predisposed them to a higher CVD risk but also limited the growth of the fetus. To avoid misinterpreting the findings, we conducted a sensitivity examination by excluding all CVD deaths occurring in the first . Additionally, the re-calculated adjusted HR was 1.82 (95% CI: 1.50-2.21) and 1.28 (95% CI: 1.10-1.64) for mothers with offspring weighing <2500 g and those of SGA, respectively (data not shown in Tables), which are essentially the same as the results shown in this article. This sensitivity analysis provides reassurance that the offspring birth weight and maternal CVD mortality association noted in this study should not merely be interpreted as most LBW infants were delivered by sick women.
There are several methodological strengths in our study. First, this study used a nationwide population based on registry data, which ensures the representativeness of the study cohort. Additionally, linkage between birth and death registries also effectively reduces the likelihood of sample attribution, which provides reassurance of little selection bias. Secondly, the study cohort consisted of more than 1.4 million mothers and was followed for 430 years, which provides adequate statistical power to detect small effect sizes of interest.
Nevertheless, our study has some limitations. We ascertained CVD death solely from the UCOD, which might be subject to a certain degree of diagnosis misclassification, as per the findings of Mant et al. who indicated that the process of identifying UCOD is of limited reliability for cardiac deaths. 37 However, such potential UCOD misclassification is unlikely to be dependent upon offspring birth weight and, thus, is likely to be non-differential, which may not be a valid argument for the associations observed in this study. Further, as an end-point, we used mortality data rather than incidence data. Thus, the concepts of risk and prognosis are mixed. Additionally, although we have taken several potential confounders into account, our study still has limited ability-similar to most previous studies using large birth registry data with matching mortality data- 15 to adjust for certain known cardiovascular risk factors, such as lifetime smoking exposure, alcohol consumption and obesity. Nonetheless, we managed to examine offspring birth weight and parental mortality from smoking-related cancer, alcohol-related causes and injury and poisoning in order to assess the extent to which our study findings may be affected by those unadjusted potential confounders.
Although the size of relative risk estimated for CVD mortality in parents of LBW infants is considered small, the public health implication of the risk estimate should not be overlooked since LBW infants are not rare and CVD is one of the most prevalent non-communicable diseases globally. In addition, our results may have important implications for policies aimed at contemplating public health interventions to improve fetal growth. Moreover, mothers of LBW infants can be given appropriate intervention to effectively reduce or prevent CVD mortality.
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KEY MESSAGES
This large cohort analysis confirmed that the bearing of smaller size infants is associated with a stronger elevated risk for CVD mortality in mothers than in fathers.
The association of lower offspring birth weight and elevated risk of CVD mortality in mothers can be interpreted as indicative of the intergenerational correlation between the birth weight of a mother and her offspring, and of the Barker's early origin of adult disease hypothesis.
The study results may have important implications for policies aimed at contemplating public health interventions to improve fetal growth. Mothers of LBW infants can be given appropriate intervention to effectively reduce or prevent CVD mortality.
